Introduction: The Danish Twin Registry (DTR) has for more than 50 years been based on surveys and clinical investigations and over the two last decades also on register linkage. Currently these two approaches are merged within Statistics Denmark.
Introduction
The Danish Twin Registry (DTR) was the first nationwide twin register when it was established in the early 1950s, and by 2010 it includes twins born 1870-2008 in Denmark followed on a cohort basis with large-scale linkage to other national health and social registers ( Figure 1) [1, 2] . The register is the basis for a wide variety of research topics and methods. Here we focus on three major groups of register-based research that use the uniqueness of twinning. The first section is on the health trajectories of twins compared to singletons. This is of interest for twins, their families, and the healthcare system (that currently produces about half the twins born through infertility treatment) as well as a test of the fetal origins hypothesis that states that fetal growth restriction has long-term health consequences. The second section summarises some register-based ''classical twin studies'', i.e. heritability studies that disentangle how much of the variance in a trait is due to genetic factors, shared (family) environment, and non-shared environment. The examples provided are heritability studies of lifespan and exceptional longevity. Subsequently, we illustrate how the co-twin control method in a register setting can be used to control for the effect of rearing environment and genetic factors in studies of the association between exposures and health. Finally, we point toward new designs of merging survey and clinically obtained data with register data. 
Research topics
Twin intrauterine growth restriction, long-term prognosis of twins, and the fetal origins hypothesis
The DTR has devoted major effort to testing twinsingleton differences for a broad range of outcomes and phenotypes for two reasons: (1) to test whether twins are a good population model for human adult health and aging: if there were major health and aging differences between twins and singletons, the twin results may not be valid for the general population; and (2) to test the fetal origins hypothesis (the Barker-hypothesis), which states that impaired intrauterine growth ''programmes'' the metabolism and increases the risk for cardiovascular diseases, diabetes, and early death. Twins' birth-weight is on average about 1 kg less than that of singletons, and twins are therefore an extreme example of growth impairment in the third trimester.
Twins have increased mortality in the first year of life mainly due to prematurity. The Danish studies have shown no twin-singleton differences after the infancy period through register linkage with other Danish health and social registers as well as largescale surveys. The only study showing a modest but significant difference was a study of suicide in twins, using a linkage to the Register of Causes of Death [3] , which showed that twins commit suicide less often than the background population, probably due to stronger family ties. The studies have used very large samples with excellent power to detect even minimal differences. Among the key findings are: (1) Danish twins born 1870-1900 have mortality rates similar to the background population from age 6 to 90 years ( Figure 2 ) [4] and cardiovascular mortality rates similar to the background population [5] in the Swedish Twin Registry [8] show that twins are a good population model for health and aging research and the growth retardation experienced by twins does not generally have long-term health consequences.
Example of classical twin studies: the heritability of lifespan and exceptional longevity
Heritability is defined as the proportion of the total variance in a population that is attributable to genetic differences between individuals. Hence, a high heritability for a trait indicates that a large proportion of the individual differences in the trait is caused by genotypic or allelic differences, while a low heritability suggests that the reasons for the phenotypic differences are primarily to be sought in differences in environmental exposures or in stochastic processes of which the latter cannot be distinguished from unknown environmental exposures. The heritability concept has a number of limitations. First of all, it is time-and population-specific and sensitive to changes in the overall and the environmental variances as well as to violations of underlying assumptions. Despite these limitations, a heritability estimate is very useful because it can outline the potentials for identifying specific genetic or environmental factors of importance for a trait in the population from which the heritability estimate was derived [9] .
The first non-censored and population-based twin study that could provide an estimate of the magnitude of genetic influences on lifespan was conducted by McGue et al. [10] . A total of 600 Danish twin pairs born 1870-1880 were included and using path analysis a heritability of 0.22 was found. Later this study was expanded by Herskind et al. [11] to include more than 2800 twin-pairs with known zygosity born 1870-1900, a study based both on church record searches and linkage to the Danish Civil Registration System for deaths after 1968. These cohorts were followed from age 15 to death. This study confirmed that approximately a quarter of the variation in lifespan in this population could be attributed to additive genetic factors while the remaining three-quarters were due to non-shared environmental factors (Figure 3 ). Ljungquist et al. [12] studied the 1886-1900 Swedish twin cohorts with both twins being alive in 1960 and concluded that a maximum of about one-third of the variance in longevity is attributable to genetic factors. It is interesting that animal studies have revealed similar estimates for a number of species not living in the wild [13, 14] .
A combined analysis of the Swedish, Finnish and Danish national twin registers consisted of Nordic twin cohorts born between 1870 and 1910, a total of 20,502 individuals. The cohort was followed through 2003, so the minimum age for a twin still alive at the end of the follow-up period was 92 years of age. Using the combined data set with substantially increased statistical power, it was possible to show that prior to age 60, there is no indication of similarity in a twin pair's age-at-death, and from age 60, a co-twin's age-at-death is significantly predictive of twin lifespan (Figure 4 ). These findings suggest that there are minimal genetic effects on lifespans less than 60 years, moderate genetic effects on lifespans greater than 60 years, and that the influence of genetic factors is likely to be most important at the highest ages [15] . These findings from register studies provide support for the search for genes affecting longevity in humans, especially at advanced ages.
Based on register linkage with other registers, the DTR has produced a series of twin studies of the magnitude of the genetic and environmental contribution to disease aetiology, for example linkage with: The Danish Cancer Registry for cancer [16] ; The Danish National Patient Register for atrial fibrillation [17] , thromboembolism [18] , and Alzheimer disease [19] ; the Register of Causes of Death and the Danish National Patient Register for stroke [20] and deaths due to infections [21] ; the Danish Pacemaker Register and the Danish Civil Registration System for pacemaker implantation and survival in co-twins [22] ; and the Danish Medical Birth Register for prolonged gestation [23] .
Twin studies controlling for confounding due to genetic factors and rearing environment
The previous section dealt with the classical twin design which can disentangle the underlying causes for familial clustering of a trait. Twin studies provide completely different additional research opportunities, namely to control for confounding due to genetic factors and rearing environment. The principle is best described by monozygotic twins who share all their genes as well as rearing environment (except in the few cases where the twins were reared apart). This means that differences between monozygotic twins cannot be attributed to genetic factors or rearing environment, and therefore within-twin comparisons control for these factors in the analyses. This tool can be applied in a very broad range of risk factor studies to disentangle selection from causal effects.
Here we give examples on marital status and socioeconomic condition and how they relate to mortality (to illustrate the uses of twin design in the intersection between health and social sciences). Living alone or being unmarried are well-known risk factors for poor health in particular for men. At least two possible mechanisms have been suggested to explain the association between marital status and health: marriage protection and health selection. The protection hypothesis focuses on the beneficial effects of marriage through, for example, better economic security, social integration, and health behaviours. The selection hypothesis assumes that persons with certain traits or behaviour, influenced by their genotypes or early environments, are selected into marriage while some persons, such as people with health problems, are at a higher risk of never marrying, and if married, of divorcing. We can make the following predictions in this co-twin control design: if the association of adult marital status and mortality reflects selection effects only, then we do not expect health differences in monozygotic twin pairs discordant on adult marital status, because these twins are concordant on early rearing environmental and genetic factors. Alternatively, health outcome differences in dizygotic but not in monozygotic pairs discordant for adult marital status would suggest that genetic factors underlie selection effects, because dizygotic twins share the same rearing environment, but share only half their genetic variants. Finally, a direct (causal) beneficial effect of marriage would be implicated by finding that both monozygotic and dizygotic twins discordant for marital status are also discordant on health and behaviour outcomes. We are currently conducting such studies in Denmark to investigate whether differences in marital status (obtained through the Danish Demographic Database) influence the health (obtained through the Danish National Patient Register and the Danish National Prescription Registry) of twins who share genetic constitution and rearing environment and how that differs between males and females [24] .
A few studies using this co-twin control design have investigated the basis for the association between socioeconomic status and health outcomes. A smaller Danish study [25] showed that the relationship between social class and health is due mainly to selection effects rather than being a causal effect of social class exposures on health and behaviour. A similar US study found the opposite result, which was that the relationship between social class and health is due mainly to direct causal effects [26] . It is unclear whether this contradictory result is due to the different settings (Denmark has a more egalitarian social system than the USA) or a chance finding due to small sample size. The Danish study was recently replicated as a large-scale data-based register study of education and survival using the above mentioned registers at Statistics Denmark, and again the results were most compatible with an effect of early family environment in explaining the Danish educational inequalities in mortality [27] . In the examples given above, the outcome was health related and the exposure was a demographic characteristic (marital status/socioeconomic status/education), but the design is generally applicable.
Conclusion
Twin studies provide unique research opportunities through various designs. The classical twin studies use the difference in similarity between monozygotic and dizygotic twins to disentangle genetic and environmental contribution to complex traits while the twin-co-twin control design matches for rearing environment and genetic factors. Concerns have been raised that the growth restriction experienced by twins in fetal life would affect their health in later life. However, twins in Denmark have mortality and health trajectories in adulthood similar to singletons. Danish twin research has over last 50 years been based on surveys and clinical investigations and over the last decades also on register research. Currently, these two approaches are merged within Statistics Denmark, which will provide additional leverage and research opportunities in the future.
